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SYNOPSIS

Further self-diffusion ~tudies: hsve-been carried out on
anthracene crystals at high temperature. A co-purison}hib-bocu made
between crystals grown frou the vapor, the melt and commercially supplied
melt-grrwn crystals in which it was found that the secondary or fast
diffusion process increased in tne order vapor-grown < melt-grown <
comuercial melt-grown. The bulk diffusion coefficients for the vapol
and melt-grov. crystals were also significantly lcwer than for the '
commercially suppli+d crystals. No correlation could be found between
diffusion coefficients and dislocation densities or charge carrier
lifetimes.
A thorough 1nvestigatio;;;a¢wb¢¢n made into the purity
and perfection of a large melt-grown anthracene crystal. Segregation
coefficientc»ﬂa%e*beeu“obtained for hole and electron traps introduced
by thermal decomposition in the melt.

An exhuustive ltudy4ﬁas'been'uade on the growth of anthracene
crystals from the vapor phase as a function of pucification technique,
ambient growth atmosphere, growth temperature, supersaturation and the
effect ;f light. Crystals have initially been evaluated by carrier
lifetime measurements from which it has been found that the best growing
conditions are purification by combination tube growth under ~ 1-2 mm
inert gas at a temperature of 120-140°C under red light. —The best crystals
obtained by this technique, however, gave carrier lifetimes a factor of 5

lower than the best melt-grown crystals though diffusion studies indicate _
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that thsy have the louclt_celf-diffusion coefficient,
An attenptx;nn beeu made to axamine the physical
substructure of anthracene by electron microscopy.: -Surface replicas
have been photographed for crystals grown under different conditions

and in ons instance an anthracene crystal hus been photographed under

high magnification.
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I. DIFFUSION STUDIES

Work in this field has been confined L) two topics.
1, A comparison of seli-diffusion in high purity
melt-grown anthracane crystals, high purity sublimation-grown anthracena
'stals and melt-grown crystals supplied by the Harshaw Chc‘ical Company.
2. Furthar studies on hydrogen diffusion through anthracene

crystals grown from the mslt, and by subliration, as a functior of temperatura.

1. SELFP-DIFFUSION STUTLES

Two important aspaci:s of the self-diffusion stidies are the
effect of purification and method of crystal yrowth. Until recently all
our results on salf- and impurity-diffusion in anthracane hava been obtainad
on commercially supplied melt-grown single crystals as our own crystal
growing facility was being devaloped during the priccding phase of the
program. Previous reports hara included measurements of purity, clactricai
properties and physical structure of our own crystals but it has only been
recantly that crystals of suitabla size for self-diffusion studies have
bean availsbla.

A serias of carefully controlled self-diffusion studies
have been carriad out on anthracane crystals vhich have baan a) melt-grown
b) vapor-grown and c) commercially supplied melt-grown. All crystals were
identically preparad by benzane polishing on fine lens paper. This polishing
procadura rasults in a microscopically roughened surfaca which from etching
studies was found to Lo less than 5-10 p thick, Three batches of crystals
wera salacted which contained at laast ona crystal from aach group a), b) &nd

c). All the crystals in each batch ware prepared for tha diffusion anneal

|
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by flash evaporation of Clb-lnthtacene simultaneously under high vacuum
(10-5 ma Hg). Each crystal was individually wrapped with aluminum foil

to prevent evaporation and to ensure uniform temperature distribution
around the cryatal. Each batch of crystals was then placed in a glass
tub2, pumped under high vacuum for at least 1 hour and sealed off in the
ninimua volume under g "Purgon" atmosphere calculated to give 1 atmosphere
pPressure at the anneal tempcratufe.

Three batches of cryetals were diffusion annealed in the
same oven at 191,0°C & 0.5°C and batches were removed after 168 hrs, 425
hrs and 696 hrs.

To date oziy the first batch has been analyzed and the
peénetration profiles ohtained are shown in Figure 1. 1In this graph all
curves have been normalized to 1l 8q. om of surface area per 7 micron thick
Section.

The factor immediately obvious from this graph is the
variation in the secondary diffusion process in which the penetration for

both vapor-grown crystals < selt-grown crystal << commercial melt-grown

The bulk diffusion process, on the other hand, is much
smaller than expected from Previous weasurements at this temperatuca,

~ 4 x 10-12 cnz aec-l.(l)

This smaller penetration resulted in less
accurate bull. diffusion coefficients. Bulk diffusion coefficients were
calculated after subtracting the secondsry process, and are included In
Table I. The secondary diffusion process also appears linear in Figure 1

and the relative penetration has been included in Table I 28 the relative
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Symbol

VG10D

36-38

Harchaw

Bulk Diffusion
Coefficient, D
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Hole Carrier Lifetime

Before After
Diffusion Diffusion
1] us

15-20 19

35=45 50-60
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(50-1C0) 60-70
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reciprocal line gradient.

Both before and after diffusion anneali, measurements of
the dislocation density and "hole"” charge carrier trapping lifetime were
carried out. These are included in Table I.

From this table several important features can be noted.

1) There is no apparent correlation between the bulk
diffusion coefficient or the |ecohdlry diffusion process and thc dislocation
density and inde>? the highest diffusion coefficient is associated with
the lowest measured dislocation content. This result suggests that the
secondary process is not due to 4diffusion doivn this particular line defect
system.

2) Thzre is no correlation between either diffusion process
and the hole carrier lifetime.

3) The effect of annealing or the carrier lifetime was not
significant for the vapor-grown or Harshaw crystals but reducad that of the
melt-grown crystal by a facter of 3.

4) Both bulk and secondary diffusion processes appear
correlated in that a large DB is asgociated with a higher background
penetraticn.

5) The bulk diffusion coefficient of the commercial melt-
grown crystal is in fair agreement with the value praviously found at
this tempetatute(l) but is a factor of 3 larger than either the melt- or
vapor-grown crystals. In view of the non-dependence of diffusion on the
dislocation content tais suggests that the controlling factcr is eithar

chemical purity as both melt- and vapor-grown crystals were extensively
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Purified or another type of physical defect which does not show up with
this etching technique.

6) Another impcctant point illustrated by these measuremen:s
is the con.irmation of the low diffusion coafficient previously obtainad on
annealing at high temperaturea(l). These results suggest that some type of
defect annealing can take place in unthracene with an cnset temperature of
around 190°C., This result is 1de§tical to that found in naphthalene by
Sherwood and Hhite(z).

0f great interest, therefore, will be the results of longer
daneal times at this temperature which may show a time dependent diffusion
coefficient 1f defect annealing .# occurring at a siguificant rate in the

bulk crystal.

2. IRLTIUM DIFFUSION THROUGH ANTHRACENE
Work on this section of the program has continued with

measurement of the temperature variation of the permeability and diffusion
constant made possible by starting the experiments at different temperztures,

| Unfortunately results have been obtained which are a factor
of ten or more lower than the oviginal values, These results, however, have
all been obtained using a second batch of critium gas and it is felt that
the results refleact the differences in tha batches, Quantitative measurements
of a spec.fic activity indicate that the batchecs have the stated specific
activity. Both batches differed considerably in their initial specific
activity as delivered. The first batch had a specific activity of 66,000
millicuries/millimole snd was diluted by us. The second batch was supplied
at 25 mc/millimole,
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A third batch of tritium has been ordered and it 1is
intended to repeat the original me: surerants. Hence this phase of the

work will be ~eported in the naxt report when these protlems have baen

resolved.
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I1. DEFINITION AND ATTAINMENT OF PURITY AND PERFECTION IN ORGANIC CRVSTALS

Studies have continued in this area, the emphaais being
placed on elucidating the role of impurities, anvient conditions, ana
physical defect structure on charge carrier generstion and trapping
processes in organic crystals. Transient photoconduction studies have
beer; carried out or carefully grown anthracene cryatall'obtained from
the melt and vhe vapor phase. To supplement these investigations and
aid in interp-station of the data, studies have continued on dislocation
etching and a study of anthracene crystals by means of electron microscopy

has been initiated.

1. STUDI%f ON MELT-GROWN ANTHRACENE CRYSTALS

An attempt bhas been made to study the effect of growth
rate on the piysical properties of melt-grown anthracene crystals. For
this investigation a leng crystal 11 em x 1.5 ¢m dia. was grown in a
Bridgman oven such that three sections of the crystal were grown at
different rates. The first 3 cm was grown at 0.77 mm hr-l, the ~2cond
3.5 ca at 1.9 m hr ) and the remeining 4.5 cm of the crystal grown at
3.5 ma hr-l.

| The crystal grew with a vertical cleavagc plane with the
"b" direction vertical. The appearance of tle crystal on removal from
the oven was excellent with the excepticn that a trace of a brown substance
could be observed at the very top of the crystal, 'nis was due to thermal
deromposition of ¢’ : =athracene in the melt caused by the crystal growing

tube extending into the hottest region of the ove. Here it was expesed

to temperatures f 240-250°C for a 3 day period prior to gxrowth az the
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crystal had to be restarted because of poor initiation.

The three regions of differing growth rate were carefully
cut out and samples of each from accurately messured positions in the
boule were examined by carrier lifetime studies for both hole and
electron pulses. Two series of measurements were made on these crystals,
The variation ir carrier lifetime along the boule was measured and the
variation in carrier lifetime was measured across the crystal at constant
height.

This crystal proved to be extremely informs. wve and the
more important findings were as follows.

Excellent photocurrent transieut pulses were obtained for
all crystals for both hcle and electron injection. The principle features
of these pulues are illustratad graphically for crystal section 1-3 which
was taken from the pureést part of the boule.

FPigure 2 shows the current--oltage characteristics for both
electron and hole pulses. As has been done with previous crystals the
boule. was broken open ir a Purgon pucged glove box and the crystal vas
messured first in a Purgon atmosphere then in air to observe any surface/
ambient gas effect. In this crystal the only effect was to increase the
carrier generation efficiency for holes without altering the carrier
lifetime. This was similar to previous neaaurc-enta(S). The fact that
tliere vas no reduction in carrier lifetime may be due to the increased
impurity content of this crystal ceused by prolonged exposure to tempevatures
> 30C* sbove the melting point. Previously the reduction in carrier lifetime
nad been observed only with crystals having initial lifetimes over 1 millisecond
whereas this crystal had an initial lifetime of 300 us.

1n Figure 2, it can be seen that the characteristics of

- 11 -
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holes and electrons are different. The hole characteristic has & distinct

break in the curve at 300 volts wheress the electron current has none, It

was also observed that at the onset of this break the carrier lifetime

began to change. A series of hole pulses with increasing applied voltage

are sho'na in Figure 3. Below the break the carrier lifetime is constant

but above the break a second effect sets in in vhich the puse shspe

continually changes until it has the appearance of a space charge limited

pulse. This, however, cannot be the case as the hole mobility is invariant

through the transition (see Figure 4) and the light intensity dependence

of the current is also constant, the current being directly preportional

to intensity, see Figure 5. Both these effects characterize space charge

free behavior and agree with experimental observations of c:ltro(a) who

alsc vbserved pulces similar to our high voltage pulse. These were only

found, however, in air exposed crystals using long wavelength light
(394 my) i.e. conditions almost identical to ours. His explanation was

that it was due to an extrinsic hole ge eration process. In our
experiments we Jave found that this behavior is only field dependent

and is not appreciably dependent on a-bicﬁt gas.

Below the breal in the I-V curve both holes and electrons
have almost the same characteristic, Ic(V)n vhere n - 1.5, n_ = 1,35, and
the Iunx values differ only by a factor of 2. It seems reasonable to suggest
that the intrinsic charge generation mechanism is the same for both holes
and electrons but that exposing the crystal surface to air affects the

chsrge generation efficiency of holes only.

FPor both holes and electrons it was found that the carrier

lifetine of each was independent of voltage over a large voltage range,
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of Applied Voltage.
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%

50-~200 V for holas and 50-900 V for alactrons. Hence lifetimes hava only

been quoted where they are constant over a large ranga of applied voltaga.

All carrier lifetime and mobility data obtained on this crystal are

sumsarizad in Table II.

For electron traps the following relation holdl(s)

1

NthU

where Nt is density of trapping centers, T tha trapping lifetime, v the

thermal velocity of the electrons and ¢ the captura cross saction. Rence

the trap dansity is inversely proportional to carriar lifetime. A similar

expression holds for hole traps even {n the case of shallow trapping where

the following expression holds.

R

1

A .
T N xP R1 =
r t

it A

vhere tr is the trap release (ime, Nc the affective dansity of states

in the carrier band of interest and Et the energy separation between

i

trap .and carrier band. Henca tha relative distribution of hole and

electron traps in tha crystal boule is known if tha variation in lifetime

is known.
If the electron and hole traps ara chemical ifampurities

which segregate out of the crystal on singla crystal growth then thair

L T

segregation coefficient should obay the classical axprassion for directional

(6)

freezing .
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TABLE II
PHOTOCURRENT TRANSIENT DATA POR ANTHRACENE CRYSTAL 70-62
Crystal Poaltion (Carrier Lifetime Carrier Mobility ™
Symbol in Boule Hole Electron c.Z uc'l v-l T
From th Te = e 1-g
Bott Hole Electron -
ca om ke _ e uh pe
7-8 10.0 90-105 42-48 0.62  0.31 2.16 .10
9-8 9.0 120 —_— —_ — —_ —_—
6-8 9.0 80-95 50 0.58  0.33 2.05 18
48 9.0 95-110  50-52 0.64  0.34 1.95 .18
: 8-8 9.0 100-120 — - - - .18
: 2-8 8.0 140-155 58-68 0,65 — 2.35 .27
% 3-8 7.0 140-155 — 0.67 —_ —_ .36
% 1-8 7.0 175-135 105-120 0.60  0.35 1.65 .36
i 5-6 5.5 220-250 — - - — .50
= 1-6 5.0 135-145 78 0.755 0.20 1.8 .55
2-6 5.0 110-130 2-92 0.50  0.25 1.5 .55
3-6 5.0 140 o8 0.755 — 1.6 .55
4-6 4.5 210-240 135-150 0.73 —_ — .59
1-3 3.0 260 220-235 0.765 0.45 1.18 .73
- 2-3 3.0 280 190 0.78  0.37 1.47 .73
4-3 2.0 260-290 200 0.72  0.38 1.37 .82
- 3-3 1.0 292-300 — 0.74 —_— —_ .91
E3 }
5 .' - 18 -
| .
i | 3
= S - , “ R = N
\ &
3 ,%‘f ?{::._ gt &=
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e/, = k (1-g)¥?

where C° is the initial concentration of the impurity in the melt, c is
the concentration at the point where a fraction g of the urystal has
solidified and k is the segregation coefficient.

Figure 6 shows a plot of log (reciprocal carrier lifetime)
vs log (l-g) vhere g is the fraction of the boule solidified, for both
electron and hole traps.

As the initial impurity concentration C° i{s unknown we
can obtain the segregation coefficients for electton traps and hole traps
only from the line gradient. These were found to be.

0.42

khole trap

Felcccron trap 0.15

It is believed that these impurities were solely due to
thermal degradation in the melt for several reasons. Other melt-grown
crystals which had been purified and grown under identical conditions
gave lifetimes which were a factor of 3-4 greater, the only difference
being that they were held in the melt for a much shorter time. Also
if these impurities had been present in the original material, then
the zone refining procedure should have reduced their concentration to
a very low level, especially the electron trapping impurity whose
segregation coefficient iz 0.15.

It is also apparent from Figure 6 that the segregation
of these impurities is unaffezted by growth rates in the range 0.77 mwa/hr

to 3.5 ma hr'l. The distribution of points around the lines in Figure 6
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is a common effect found when directional frsezing sxperimsnts are
performed in unstirred velle10(7).

Measursment of the dislocation density in this crystal
yielded very interesting results. The dislocation density was found

to be initially high at ths purest part of the borle and decrease

2

towards the top. Typicai values were 3 x 106 cm < at the bottom,

2 x 10° cn2 0

in the middle and 6-10 x 10” cm “ at the top of the boule.
The etch patterns were more difficult to observe at the top of the boule
probably due to chemical impurities interfering with the etcning process.
These results are unusual in that

1) Incrsasing the impurity content would be sxpected to

B
E
=

increase the dislocation concentration dus to increasing stress in the

crystal.

y

2) Increasing the growth rate would also bs expacted to

givs the same effect as this would givs an effsctively sharpsr tzamerature

i i

gradisnt which should lock in dislocations by giving them lsss time o

anneal out. The large dislocation dcnsity of the boule is not unique as

T

the same dislocation density was found iﬂ a previous melt-grown crystal,
ref. 56-58, which gave evsn longer carrier lifstimes. It woulir appear
therefore that hole and electron trapping is not controlled by the
concentration of the dislocations shown hy this etching techniqus. This,
however, does not excluds the pessibility of othsr physical dsfscts such
as stacking faults or dislocations in another system being the controlling
factors.

A study vas also made nf the carrier lifetime through a

’Wi‘“‘mﬂﬂhﬂmmﬁm’m&“"MWHh,uwuuWL‘!Wmm Sl

horizontal section in the crystal as it is an established fact that crystal
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strain varies across the crystal cross section. The variation of hole

lifetime as function of position iz shown in Figure 7. We conclude

0 6l 02 03 04 083 06 O7 Os 09 10 LI 2 13 14 15
CRYSTAL CROSS %ECTION (CM)

FIGURE 7. Variation of “Hole" Liietime Through Crystal Cross Section.

from this graph that there is no significént effect of position of crystal
in cross section. Only 3 electron lifetimes were measured corresponding
tc the first 3 points from the left and these gave lifetimes of 50, 56-58,
50-52 us respectively and hence also appear insensitive to positio:.

A study was also made of the effect of varying the exposed
surface area of a large crystal by masking the crystal surface. A linear
variation of pulse height with area was obtained (Figure 8) but the
mobility of the charge carrier was found to increase slightly, Table III,

as the area increased indicating the existence of an edge effect.
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VARIATION OF DRIFT TIME WITH SURFACE AREA OF CRYSTAL EXPOSED

APPLIED
VOLTAGE
VOLTS

DRIFT TIME - ws (a 1/u)

®'JRFACE AREA, #q. in, = 0.012 0.049

0.110

0.196

in0

200

300

=

~ 300-~350 300

160 150

100-110 100

280

140

90

280

140 i
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Another interesting point is the apparent decrease in
mobility along the boule only iu f:he case of the bole mobility which
decreases from about 0.75 cmz sec-l v-l to v 0.6 cm2 uec-l v-l. This
indicates the segregation of a shallow trapping impurity which has a
segregation coefficient near R = 1. This effect was not observed ia
the case of the electron mobility. The variations in quoted mobilities
are due to errors in measuring the thickness of the crystal as the
mobility 1s a function of the (thickncau)z.

It is planned to grow another crystal using identical
purification procedures but enauring that the crystal is held in the
melt for a minimum period of time at a temperature which does not exceed

the meliting point by more than 20C*. A similar series of experiments

will be performed in addition to self-diffusion measurements.
2, STUDIES ON VAPOR-GROWN ANTHRACENE CRYSTALS

In the previous repurt some data vere presented on growth
and.carrier lifetimes of vapor-grown crystals., A considerable amcunt of
effort has since been devoted to improving these cryatals in size, purity
and cryotal perfection and 2 more detailed report of this activity will
now be given.

A brief description of the upparatus was given previoualy(s).

The material used in this set of experiments had » minimum
purification of 130 zone passes in a zone refiner with & zone length/total
charge length &~ 10-20 thus ensuring the ultimate purification under these
cdaditions. In the first series of crystals the purified material was

introduced into the crystal growing vessel (a wmodified cuvette) in air and

was subsequently evacuaced at 10'-6 mm Hg for at least 2 hours before
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sealing off under a small ambient gas pressure. Because of the severe
trapping experienced in these crystals the purification and transfer
process was changed to a semi-microcombination tube assetoly simjlar

to that used in the preparation of melt-grown crystal and is shown

schematically in Figure 9. Here the material was rzone refined then
sublimed directly into crystal groving vessels after breaking the

breakscal and evacuating to 10'5 om Hg. Ambient gas was subsequently
intvroduced to the required pressure and the vessels sealed and removed.
Several vessels were made up containing material of identical purity

and 1 ier the same ambient gas. In this way the effect on the other growth
parameters wes studied.

* In all cases the crystals were initiated by nucleating
seed crystals at a supersaturation of ~ 1C0% (10°C below the ambient
temperature of the oven). Normally several seeds were formed but these
were subsequently boiled off by holding the heat leak at a temperature
slightly above ambient until only one seed remained. The crystals were
Srown at ambient temperatures of 120-145°C under initial supersaturations
of 10-20Z (1 to 2.5 C* below ambient temperature).

The parameters that were varied were as follows.

1) Ambient growth temperature.

2) Initial supersaturation causing growth.

3) The ambient gas and ics pressure.

4) The effect of growth in white light (room light)
or red light (A > 500 my).

5) Purification procedure.
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of Material in an Inert Atmosphere.
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The crystals obtained under thege growth conditions were
examined for purity and perfection by studying the hole carrier lifetimes
obtained in pulsed photocurrent transient measurements and dislocation
structure obtained by the fuming sulfuric acid etching technique. The
complete collection of results obtained to date are included in Table IV,

Conclusions vhich can be drawn from these experiments
are as follows; |

1. 1t is essential to purify the starting material using
a combination tube technique though this alone does not guarantee a crystal
vith low trap densities (see vGl2c).

2. Ambient inert gas pressures of 2 zm Hg and under are
required for crystals of high purity and large size. Crystal VG7 for
eéxample gave a large number of very small crystals. It was also noted
that very high vacuum also led to multicrystal formation if the conditiong
wer¢ not carefully controlled.

3. The carrier lifetime appeared independent of growth
temperature or supersaturation though it was noted that in any group of
erystals those grown under red light gave the longest lifetimes.

4. The carrier lifetime was independent of the measured
dislocation density which in turn gave no correlation with growth temperature,
ambient gas or purificatior procedure.

5. In the crystals in which a break in the photocurrent
transient could be observed, the mobility of the holes was A 0.7 cm2

sec:.1 v-l, i.e. identical with that found for meli-grown crystals indicating

that the impurities present did not act as shallsy hole traps. In the case




Crystal
Symbol

VG2
vG3
VG4

VG5
VG6
vG?
vGs
vG9
VG10A

VG10B
VG10D
VG11A
VG11B
VGlicC

VG12A
VG12B
vGl2ce
VG12D

Carrier Dislocation
Lifetime, Tt density
us -2
cm

5
20 1-3.5 x 10
30 1 x 10°
16-18 Alr 1.5 x 10°
15-17 .urgon
31-32 Purgon  0.2-10 x 10°
20-24 5 x 10°

NO CRYSTAL

15 4-8 x 10°
220 Adr 2-5 x 10°
v0=70 Purgon 5
60 Air 7x10
60-65 Purgon S
55 Air
30-40 Purgon _ 5
30-35 Air 9-10 x 10
135-150 Purgon —_
100-120 Air
80 Purgon . 5
55 Air 5-16 x 10
50 Purgon _ 5
€5-70 Adr 3.5 x 10°
105-120 Air 10 x 105
30-50 Alr 1-3 x 105
100-110 Air 1-3 x 105

TABLE IV

Crowth

Temp.
°Cc

140

141

140

140
141
141
141
120

122

142.5

144

142

134

138

141
141
120
140

29

Grow.h
Atmosphere

1 pm Purgon
6

5 x 10 ° =m Hg

1 sm Purgon

1 mm Purgon

1 mm Purgon

100 mm Purgon

10 mm Purgon

1 mm Purgon

1 mm Purgon
1 mm Purgon
1 mm Purgon
1 mm Helium
1 om Helium

1l am Helium

2 mm Helium
2 ma Helium

2 pm Helium

5 x 107% mm Hg.

B2130-T-11

PHOTOCURRENT TRANSIFNT DATA FOR VAPOR-GROWN CRYSTALS

Light
Conditions

White
White
Whitz

White
White
“Yhite
White
Red

White
White
White
White
Red

White

White
Red
White
Red
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B2130-T-11

of the electron pulses severe trapping prevented mobil .ty measuremen.s.

6. It was thought that traces of oxygen might be
introducad into the growing vessels when they were pressurized to their
growing conditions. To test this the VG12 series of crystals were zone
rofined under an ambient pressure of 40 cm helium so that any traces of
oxygen would be scavenged out by the zone refining process. The breakseal
was then broken and the system pumped down to the required pressure /1 mm
Hg) without introducing any further amount of inert gas and sealed off.
This procedure, hex - r, does not appear to have improved the purity.

7. There appears to be no correlation between crystals
which had identical purity when the growing vessels were filled i.e.
crystals of the series VG10, VG1l, VG1l2. Hence it appears that impurities
must be introduced during the handling and growth procedure.

8. In no case has a crystal been obtained with lifetime
comparable to pure melt-grown crystals. Hence in this respect this

method of growth must be considered inferior.

3. DISLOCATION ETCHING STUDIES

Some further studies have been made on anthracene crystals.

It has been lhown(g)

that the crystallographic directions
for the long and short axes of the pits obtained on etching with fuming
sulfuric acid are the opposite of what we recently -:ported. This occurred
because wrongly oriented crystals were used in this derermination. This
means that the crystallographic faces being developed on efching belong to
the (11 L) family and not the (21 L) as was previously suggested. In order

to determine L interference micrographs have been taken of an etched

surface to determine the pit depth (See Figure 10). These photographs
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B2130-T-11
show that pits of size 70 u x 50 u are only of the order of 1-2 y deep
which gives L a valus in the range 10-20. This represents a most unusual
etch plane. This micrograph was taken on a Reichert Microscope using a

Watson 8 mm interference objective with a sodium filter.
DISLOCATION DECORATION

Further attempts have been made to prove that the etch
pits obtained are dislocations. An attempt has been made to use a
dislocition decoration technique similar to that of diffusing gold
into alkali halides.
In the case of anthracene we tried to diffuse tetracene
into the crystal hoping that it would enter preferential along dislocations.
The rationale behind this experiment was as follows. When
a small quantity of tetracene (1l part in 105) is added to anthracene, the
anthracene fluorescence is suppressed and tetracene fluorescence of high
efficiency appears(lo). As the concentration of tetracene increases to
I x 10-4 moles/mole, the tetracene fluorescence is more than 100 times
as intense. Hencs by illuwmirating the crystal at the anthracene absorption
edge (400 mu), and microscopically observing the crystal surface through
a filter with a cut-off ar 500 muy, only the tetracene fluorescence at
470-580 mu would be observed. If sufficient diffusion had taken place
in the region of the dislocation, then eitl. a point source of light or
a narrow ribbon of light would be observed.
To date two such diffusion runs have been attempted. In
the first several pieces of cleaved melt- and vapor-grown anthracene

crystals were co-annesled with some powdered tetracene in sealed glass

. mpoules under a pressure of 10-6 mm Hg for 48 hours at 180°C. 1In the




B2130-T~11

second the crystals were sealed under 13 mm Hg of argon and annealed

at 180°C for 257 hours.

In neither case could any sign of decoration be detected
althnugh in some cases some substructure could be observed which is

believed dus2 to microcracks in the crystals.

Thegse observations do not rule out the possibility of the
etch pits being due to dislon~tions but only that either the solubility
of tetracene in anthracene is extremely low or that much longer anneals
near the melting point will be needed to show up this structure.

An interesting cobservation was made on these crystals,
however, in that crystals which had been cleaved immedi:tely prior to
annealing exhibited different surface effects than "aged" cleaved
eurfaces., Fréshly cleaved surfaces gave only the blue fluorescence
of pure unthracene with no sign of the green tetracene fluo;escence
whereas "aged" surfaces gave only tetracene fluorescence. This fndicated
that the tetracene had penetrated into the anthracene lattice as an
epitaxial deposit of tetracen® would not give the intense fluorescence
observed, pure tetracene¢ being & very ineffiéient fluorescer. Presumably
the explanation is that the aged surface has an oxidized layer which on

formation must break up the surface and facilitate the tetracene

penetration. A further proof of this point is included in the section

on electron microscopy.

4. ELECTRON MICROSCOPY

In an effort to gain further insight into the physical

structure of organic crystals we nave turned to electron microscopy.

4.
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This is a standard technique for studying the defect structure of
me:allic and inorg” ic solids but has been little used for organic
moleculer cryystuls due to their high voiatility and relatively low
melting point.

Initial sttempcs %o study anthracene were made on ultra-
thin sections (< 1000 ;) of anthracene crystals obtained by stripping
a crystal surface with scotch tnpé and examining them in a JEM? electron
microscopz. These crystals, however, sufferad severe evaporation when
subjected to the electron beam and no useful stua.2s could be made. A
possible improvement in this technique would be to introduce a cold stage
to the microscope but this was rot feasible at the time.

The second technique used was to prepare repiicas of crystal
surfaces using standard electron microscopy methods., Crystals of anthracene
were taken from sevaral sources, commercially supplied crystals, melt-grown
crystalc and vapor-grown cryetals and replicas were made of "aged" cleaved
surfa-es i.e. cleaved crystals vhich had been standing in air more than a
veek, freshly cleaved surfaces, i.e., surfaces cleaved immediately prior to
replication and surfaces etched with fuming sulfuric acid.

The replication technique used initially was to mount the
crystals on a g'ass sliie using peraffin wax, evacuate in a vacuum evapcration
unit and evaporate on a thin film, ~ 500 ; of & water soluble material
(vVictawet) follosed by another coating of silicon monoxide. These films
wers g bsequently floated o:f the crystal by graduaily iomersing in a
bowl of distilled water. Tne silicon monoxide film was then picked up
by immersinz s microscope grid under the film and removing from the

water., The grids were allcwsed to dry then re-evacuated and hin

®
coating of tungsten oxide ~ 500 A evaporated on at an sngle of sbout
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45° 1.e. the cryatals were shadowed so ti..t humps and depressiona cculd
be distinguished. The mos\. difficult part of this techniqus was removing
the silicon monoxide layer from the crystal and there wcre only a few
crystals where this was accomplished successfully. Several other
solvents were tried but with no success. No replicas could be obtained
with the etched surfaces.

Figure lla and b show replicas of "aged" and freshly
cleaved surfaces of Harshaw crystals. The difference in the surfaces
is quite apparent. The circular pits in Figure 1lb have a density of
v2x 10S cm-2 which roughly corresponded with the density of etch pits
obtained using fuming sulfuric acid. The parallel ribbon pattern, however,
is unique to this crystal .in- cannut be observed in Pigure lla. It is
possible that they represent evaporation etching of dislocations lying
in the ab plane. If this were so, then their density would be at least
an order of magnitide greater than those perpendicular to the ab plane.‘
Figure lla shows that the surface is much rougher possibly due to chemical
attack by oxygen which nay form s barrier layer preventing the evaporation
observed in Figure 1llb, '

Figure 12 shows the surface replica obtained _rom a
vapor-grown crystal. This is yet again quite different from those in
Figure 11. Shallow pits are again obvious but their density is ~ 5 x

y 2 which is two orders of magnitude g.eater than the etch pit

10" em
density. Duv~ to the difficulty of removing this film from the crystal
there is some doubt about its validity and several crystals are being

re-examined at present.
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FIGURE 11.

Electron Micrograph Replicas of Cleaved Surfaces of Commercially

Supplied Anthracene Single Crystal.
Surface b) Preshly Cleaved Surface.
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Mag. X 4,fC0 a) "Aged




FIGURE 12. Electron Micrograph Replica of Freshly Cleaved Vapor-Grown
Anthracene Crystal, Mag. X 12,000.

FICURE 13. %lectron Micrograph Replica of Freshly Cleaved Melt-Grown
Anthracene. Ref. 47-33., Mag. X 1,600.
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Due to the difficulty of using this replication technique

another method of removing the replica was used. Instead of water immersicn
a coating of replica solution (cellulose acetate) was placed on the silicon
monoxide layer, allowed to harden then peeled off taking the replica with

irt. This layer was then p'aced on a grid and washed with refluxing acetone.

A A s A

§ Only one crystal replica has ‘-:en examined by this method, a melt-grown

§ crystal, ref. 47-33, and part of its surface i{s showa in Figure 13. This

§ is an excellent example of what is presumsbly dislocation evaporation

i etching. The rows of dislocations may represent pile-ups at a boundary.

% Note also the layered evaporation structure. Examination of this photograph

at higher magnification and assuming that the crystal was shadowed at
~ 45° indicates that the step height between layers is of the order of
150 X. The dark spots appearing on the photograph are simply spots of
tungsten oxide which appeared due to overheating another region of the replica.
Further work is in progress to check that these replicas give
a true representation of the crystal surface atructures.
B While studying these replicas it was found that thin flakes

of anthracene were sometimes stripped from the crystal surface and gave

excellent electron diffractioa patterns. Attempts are being made to index

these patterns and a fuller discussion will be given in the next report.

These photographs are interesting in that as well as indicating possible
structural faults e.g. twinning and stacking faults they yield some information
on electron scatterirg by thermal molecular motion in the lattice. Figure 14

shows a micrograph of such a crystal. Here several strained regions in the

crystal cen be observed. The cause of these strained regions, however, is

,

et




FIGURE 14,

“lectrou Micrograph of Anthracene Crystal.

Mag. X 90,000.
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not yet uniquely known and it must be remembered that each side of the

[ ]
crystal is coated with ~ 500 A of silicon monoxids and tungsten oxide

respectively, the effect of which is not known.

Work in this field is being continued and it is hoped

that the result will be a much clearer understanding of the physical

structure of organic crystals.
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